A phagocytic vesicle fraction with high NADPH-dependent superoxide-forming activity was obtained in large quantity from pig blood polymorphonuclear leucocytes, phagocytosing oil droplets in the presence of cyanide. The activity of the homogenate of the phagocytosing cells was 40 times that of the resting cells, and 70% of the activity in the homogenate was recovered in the phagocytic vesicle fraction. Essentially all of the superoxide-forming activity was extracted by repeated extraction with a mixture containing deoxycholate and Tween 20. The extract had a superoxide-forming activity of 1,pmol/min per mg of protein with NADPH, and one-fifth of this with NADH, Km values being similar to those of the vesicle fraction (40,UM for NADPH and 400,uM for NADH). A stoichiometric relationship of 1:2 for NADPH oxidation and superoxide formation was obtained, in agreement with the reaction NADPH + 202-*NADP+ + 202-+ HW. The activity of the extract was enhanced 2-fold by the addition of FAD, suggesting that the flavin is a component of the enzyme system. The Km value for FAD was 0.077puM. The activities in both vesicle fraction and extract were labile even on refrigeration, but could be kept for several months at -70°C.
A phagocytic vesicle fraction with high NADPH-dependent superoxide-forming activity was obtained in large quantity from pig blood polymorphonuclear leucocytes, phagocytosing oil droplets in the presence of cyanide. The activity of the homogenate of the phagocytosing cells was 40 times that of the resting cells, and 70% of the activity in the homogenate was recovered in the phagocytic vesicle fraction. Essentially all of the superoxide-forming activity was extracted by repeated extraction with a mixture containing deoxycholate and Tween 20. The extract had a superoxide-forming activity of 1,pmol/min per mg of protein with NADPH, and one-fifth of this with NADH, Km values being similar to those of the vesicle fraction (40,UM for NADPH and 400,uM for NADH). A stoichiometric relationship of 1:2 for NADPH oxidation and superoxide formation was obtained, in agreement with the reaction NADPH + 202-*NADP+ + 202-+ HW. The activity of the extract was enhanced 2-fold by the addition of FAD, suggesting that the flavin is a component of the enzyme system. The Km value for FAD was 0.077puM. The activities in both vesicle fraction and extract were labile even on refrigeration, but could be kept for several months at -70°C.
Polymorphonuclear leucocytes ingest and kill microbes, accompanied by a respiratory burst which leads to the formation of active oxygen metabolites such as H202 and superoxide anions (02-) . The production of the oxygen metabolites by the cells can be ascribed to the activation of a superoxide-forming system, which is dormant in the resting cells (DeWald et al., 1979) . The superoxide-forming system is considered to catalyse an initial one-electron reduction of oxygen to superoxide by a cyanide-insensitive reaction, followed by conversion of the radicals into H202 by dismutation (Curnutte & Babior, 1974) . The question of whether the electron donor is NADH (Wilkinson et al., 1975; Briggs et a!., 1975) or NADPH (Babior et at., 1976; Iverson et al., 1977; Cohen et al., 1980) remains, but most investigators favour the NADPHdependent superoxide-forming reaction (Nakamura et al., 1981) . A previous report from our laboratory also supported the dependency of the reaction on NADPH (Nabi et al., 1979) .
For further investigation of the biochemical basis of the respiratory burst, purification of the superoxide-forming system is necessary, but has not been done sufficiently, because of the difficulties in obtaining a particulate superoxide-forming preparation in large quantity and in solubilizing the activity.
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At least two reports have appeared on the solubilization of the activity, but the yield was low (Gabig & Babior, 1979; Tauber & Goetzl, 1979) .
In the present paper, we used pig polymorphonuclear leucocytes, which can be prepared in large quantity, and obtained a phagocytic vesicle fraction with high NADPH-dependent superoxideforming activity. Essentially all of the activity was extracted with a mixture of detergents containing deoxycholate and Tween 20.
Experimental Isolation of leucocytes
Polymorphonuclear leucocytes were obtained from pig blood. The blood (4.5 litres) was added to 0.5 litre of 5% (w/v) EDTA/0.9% NaCl and then to 1 litre of 3% polyvinylpyrrolidone (K 90) solution and mixed gently. The mixture was kept at room temperature for 30-40min and the supernatant was separated from sedimenting erythrocyte aggregates by siphoning. Leucocytes in the supernatant were precipitated by centrifugation at 250g for 10min. Contaminating erythrocytes in the precipitate were lysed by the addition of 5vol. of water. After 30s, the suspension was made iso-osmolar by the addition of 10% (w/v) NaCl. The pellet obtained by 0306-3275/82/090593-09$01.50/1 (© 1982 The Biochemical Society centrifugation at 250g for 10min was suspended in 0.9% NaCi. Polymorphonuclear leucocytes were separated from platelets and mononuclear cells by Conray-Ficoll method described by Boyum (1968) . The polymorphonuclear leucocytes were suspended in phosphate-Ringer solution (119 mM-NaCI, 4.7 mM-KCI, 1.2 mM-MgSO4. 0.75 mM-CaCI2. 15 mM-NaH2PO4/Na2HPO4, pH 7.4) and kept in ice until use. The yield of leucocytes was 1.6 x 101'-3 x 10'°cells, and the proportion of the cell types shown by May-Giemsa staining was 82% neutrophils, 14% eosinophils, 0.8% monocytes and 4% lymphocytes.
Preparation ofoil droplets
Oil droplets were prepared by modifying the method of Stossel et al. (1971) . Paraffin oil was replaced by 1,2,3,6-tetrahydrophthalic acid diisodecyl ester and serum albumin by immunoglobulin G. The tetrahydrophthalic acid ester (0.67ml) was added to 2.2ml of the phosphate Ringer solution, pH 7.4, containing 5 mg of pig immunoglobulin G/ml, and the mixture was sonicated with a Branson sonifier for 90s at 4 A at 40C.
Preparation ofphagocevtic vesicles
Phagocytic vesicles were prepared by modifying the method of Stossel et al. (1971) . Polymorphonuclear leucocytes were preincubated in polycarbonate centrifuge tubes (2.5 x 109-3.5 x 109 cells per tube) with 12 ml of the phosphate Ringer solution, pH7.4, and 2mM-glucose at 370C for 5 min. Then KCN was added to a final concentration of 1 mm and incubated with 2.9 ml of the oil droplets for 5 min. The reaction was terminated by the addition of 15 ml of ice-cold 0.9% NaCl. The cells were separated from the non-ingested oil droplets by centrifuging at 150g for 10min and washed with 25 ml of ice-cold 0.9% NaCl and then with 15 ml of ice-cold distilled water. The washed cells were suspended in 8 ml of ice-cold 0.34 M-sucrose buffered with 5 mM-Hepes 14-(2-hydroxyethyl)- A ssav ofsuperoxide formation The NAD(P)H-dependent superoxide-forming activity was measured by the reduction of acetylated cytochrome c in the presence of reduced nicotinamide coenzymes as described by Kakinuma & Minakami (1978) . A' cuvette containing I ml of reaction mixture, consisting of 1 O,uM-acetylated cytochrome c, 50mM-potassium phosphate buffer (pH 7.5 for the homogenate or the vesicle fraction and pH 8.0 for the extract) and either 0.5 mM-NADPH or 1.5mM-NADH, was placed in a thermostatically controlled cuvette holder of a Hitachi 556 dual-wavelength spectrophotometer at 200C. The assay was started by the addition of a sample and the absorbance change at 550nm in reference to 540nm (A 550-A 540) was followed on a recorder. The superoxide-forming activity was calculated from the initial velocity of the reduction of acetylated cytochrome c by using a molar absorption coefficient of 19.1 x 103M-' *cm-' and was corrected by subtracting the rate in the presence of superoxide dismutage. Other enzyme assays and chemical determinations Activities of myeloperoxidase and alkaline phosphatase were assayed as described by Michell et al. (1970) and that of fl-glucuronidase as described by Hirschhorn et al. (1967) . Glucose 6-phosphate and 5'-nucleotidase were assayed by measuring the release of Pi as described by Nordlie & Arion (1966) and Michell & Hawthorne (1965) respectively. Succinate-cytochrome c reductase and lactate dehydrogenase were assayed as described by Stotz (1955) and Bergmeyer & Bernt (1974) respectively. Protein concentration was measured by the method of Lowry et al. (1951) after the oil had been removed by centrifugation at 250g for 10min. The protein in the extract was measured after precipitation of proteins with 25% (w/v) trichloroacetic acid overnight to avoid interference by detergents. Phospholipid was determined by the method of Folch et al. (1957) and Bartlett (1959) by extracting the sample twice with 20vol. of chloroform/methanol (2:1, v/v), and phosphorus in the chloroform layer was determined after wet ashing with H2SO4. 1,2,3,6-Tetrahydrophthalic acid diisodecyl ester used for preparing oil droplets did not interfere with the measurement. Reagents Acetylated cytochrome c was prepared as described previously (Minakami et al., 1958) . Superoxide dismutase was prepared from bovine erythrocytes by the method of McCord & Fridovich (1969) . Immunoglobulin G was purified from pig serum by the method of Peterson & Sober (1962) . Iothalamic acid (Conray) was a generous gift from Daiichi Pure Chemical Co., Tokyo, Japan. Bovine liver catalase was purchased from Boehringer, Mannheim, Germany, and Ficoll 400 was from Pharmacia, Uppsala, Sweden, 1,2,3,6-Tetrahydrophthalic acid di-isodecyl ester was obtained from Tokyo Kasei Co., Tokyo, Japan, NADPH and NADH were from Oriental Yeast Co., Tokyo, Japan. Detergents of the Tween series, Triton X-100 and cetyltrimethylammonium bromide were from Wako Pure Chemical Co., Osaka, Japan, and cholate and deoxycholate were from Difco Laboratories, Detroit, MI, U.S.A. Detergents of the Emalgen and the Brij series were gifts from Kao-Atlas Chemicals, Tokyo, Japan. Other reagents were of analytical grade.
Results

Superoxide-forming activity in homogenates
Homogenates of polymorphonuclear leucocytes, both resting and phagocytosing oil droplets, were compared for their activities of forming superoxide in the presence of reduced nicotinamide coenzymes. As shown in Table 1 , the NADPH-dependent superoxide-forming activity in the homogenate of the phagocytosing cells was about 40 times that of the resting cells. Moreover, ihe activity in the homogenate of the phagocytosing cells was essentially resistant to cyanide, whereas that of the resting cells was sensitive to cyanide, suggesting that the latter reaction may be catalysed by haem proteins, probably by myeloperoxidase, and that the cyanideinsensitive activity responsible for the respiratory burst was absent from the resting cells. The enhancement of the NADH-dependent reaction by phagocytosis was not so strong as that of the NADPH-dependent reaction.
Addition of cyanide during phagocytosis was effective for obtaining the cells with high superoxide-forming activities, as shown by Cohen et al. (1980) . NaN3 (1mM) also similarly enhanced the superoxide-forming activities, whereas antimycin A (O.1mM), 2,4-dinitrophenol (O.1mM) and rotenone (30pmol/mg of protein) were not effective.
Distribution in subcellularfractions
The distribution of the superoxide-forming activities in the homogenate of the phagocytosing cells is shown in Table 2 . About 70% of the NADPHdependent activity was found in the vesicle fraction, whereas 60% of the NADH-dependent activity was in the sediment fraction. The distribution of marker enzymes indicates that the sediment fraction contains mitochondria, lysosomes and microsomal fraction, hence reduced-nicotinamide-coenzyme-dependent superoxide-forming activities in the sediment fraction can be explained as those of microsomal fraction (Aust et al., 1972) and of mitochondria . The activities of glucose 6-phosphatase, which exists in the microsomal fraction of the cells (Klempner et al., 1980) , and succinate-cytochrome c reductase were not observed in the vesicle fraction, indicating that neither microsomal fraction nor mitochondria were responsible for the superoxide formation in this fraction. The presence of 5'-nucleotidase in the fraction indicates the involvement of the plasma membrane in the formation of the phagosomes, and the presence of myeloperoxidase and ,Bglucuronidase indicates the formation of phagolysosomes.
Change in the superoxide-forming activity during phagocytosis Fig. 1 shows that the specific activity of the superoxide formation in the vesicle fraction increased for the first 5 min and then decreased sharply with prolonged incubation. A similar decrease in the activity was observed in the homogenate. The amount of proteins in the fraction increased even after 5 min, indicating that the ingestion process was continuing, while the superoxide-forming activity decreased, probably by some inactivation process.
Extraction of the superoxide-forming activity
We tried to extract the NADPH-dependent superoxide-forming activity of the vesicle fraction by using various detergents (Table 3) . Among the detergents used, the Emalgen series (including Triton X-100), the Brij series and cationic detergents inhibited the activity when they were added to the vesicle fraction, whereas bile salts enhanced the activity. Detergents of the Tween series neither enhanced nor inhibited the activity. By centrifugation of the vesicle/detergent mixture at 1 7 000 g for 1 h, a clear solution with high NADPH-dependent superoxide-forming activity could be obtained. The yield of the activity in the extract, however, was less than 20% when a single detergent was used, and better results were obtained by the combined use of detergents, one from bile salts and another from the Tween series. The optimal procedure for the extraction so far obtained was treatment of the vesicle fraction with 0.5% (w/v) deoxycholate, 0.5% (v/v) Tween 20, 25% (v/v) ethylene glycol and 0.17M-sucrose in 50 mM-glycine buffer, pH 8.5, at about 1 mg of protein/ml. The conclusion was based on the results shown in Fig. 2 , which gives the activity of the vesicle/detergent mixture and the yield of the activity in the extract, at various concentrations of Tween 20, deoxycholate and ethylene glycol, and 4) respectively, whereas the activity in the presence of both substrates was 1024 + 12 nmol/min per mg of protein (n = 4), suggesting that the NADPH-and NADH-dependent activities share a common pathway. The optimal pH of the vesicle fraction was 7.5, whereas that of the extract was 8.0. The activities in the extract were insensitive to cyanide. The activities of the extract were enhanced about 2-fold by the addition of IpM-FAD, whereas those of the vesicle fraction were not affected. The apparent Km value for FAD was 0.077 pM. FMN at a similar concentration did not enhance the activity.
Stoichiometric relations
The ratio between superoxide formation and NADPH oxidation by both vesicle fraction and extract was 2:1 as shown in Table 5 . The consumption of oxygen was essentially negligible in the presence of cytochrome c because of the regeneration of oxygen molecules. The consumption was variable in the absence of cytochrome c, owing to the dismutation of superoxide and catalatic reactions, but if it was measured in the presence of superoxide dismutase and catalase, the ratio of NADPH oxidation to oxygen consumption was 2:1. Thus superoxide formation follows reaction (1) and oxygen consumption follows the sum of the reactions (1)- (3) 
pH, with other conditions kept fixed. When the vesicle-detergent mixture was kept at 4°C for 1h and centrifuged at 117000g for 1h, half of the activity was in the extract, but 40% remained in the floating layer and 10% in the sediment. By repeating the extraction four times, we obtained a clear preparation with a good yield of the activity (96+3%, mean + S.D., n = 4). Table 4 shows kinetic parameters of the NAD(P)H-dependent superoxide-forming reacVol. 205
Catalytic properties
A02+NADPH+HH+-NADP++H20 (4)
Stability ofthe superoxide-forming activity Activities in both vesicle fraction and extract were extremely labile. The activity in the vesicle fraction was decreased to half in 2min at 370C. Thus the assay was performed at 200C. The activity in the vesicle fraction was most stable at pH 7.5 and that in the extract at pH 8.5. They were more susceptible to acidic pH than to alkaline pH. The activity in the vesicle fraction decreased to half in 12h at 4°C and that of the extract in about 24h. At -200C, the vesicle fraction could be kept for more than 1 week, but the extract lost half of the activity in 4 days. The loss of the activities was not observed when kept at -700C.
Discussion
The main aim of this paper is to describe a procedure to obtain highly active preparations of the NADPH-dependent superoxide-forming system of leucocytes in good yield. Several reports have appeared on the preparations with superoxide-forming activity, but none of them to date was as active as the preparations reported in this paper: for example, 51 (at 370C) by Lew & Stossel (1981) for the vesicle fraction and 51 by Gabig & Babior (1979) (1) Pig leucocytes, which could be obtained in large quantity, were used. (2) An oil-droplet preparation consisting of 1,2,3,6-tetrahydrophthalic acid di-isodecyl ester and immunoglobulin G was used, and phagocytosis was carried out in the presence of cyanide. Opsonization with immunoglobulin G stimulates the vesicle formation and enhances the yield of the vesicle fraction (Amano & Mizuno, 1980) . The tetrahydrophthalic acid ester has suitable physical properties for separating the cells from the oil droplets and the vesicles from other particulate components. (3) Two types of detergents, anionic and non-ionic, were used in combination.
We have successfully extracted the superoxideforming NADPH oxidase of leucocytes as an apparently clear solution, using a mixture of detergents, deoxycholate and Tween 20. The effectiveness of the mixture agrees with the statement of Tanford & Reynolds (1976) that mixed micelles containing both non-ionic and anionic detergents are good solubilizing agents and may imply that the NADPH oxidase requires an anionic hydrophobic environment for its activity. Deoxycholate, which has a lower critical micelle concentration than cholate, is more effective than the latter, and non-ionic detergents with high hydrophiliclipophilic balance (HLB) number and a bulk conformation seem to be effective in the extraction.
The superoxide-forming NADPH oxidase can be regarded as responsible for the phagocytic respiratory burst of leucocytes. It is essentially absent from the resting cells, is localized in phagocytic vesicles and is insensitive to cyanide. The NADHdependent activity always accompanied the NADPH-dependent reaction, but the Km of the former was 10 times that of the latter, and the activity of the former was one-fifth of that of the latter, and both reactions seemed to be catalysed by a common system. The low Km values and high
Vmax. values of the preparations with NADPH, and consideration of intracellular concentrations of reduced coenzymes (0.1-0.2 mM: Baehner et al., 1972; Selvaraj & Sbarra, 1967; Suzuki & Lehrer, 1980) , led us to the conclusion that the preferential electron donor for the superoxide formation in the cells is NADPH. The activity of the extract was stimulated by the addition of FAD, in agreement with the observation of Babior & Peters (1981) , though Tauber & Goetzl (1979) obtained a negative result. A b-type cytochrome was present in the vesicle fraction, in agreement with the report of Segal & Jones (1980) , and a part of it could be found in the extract. Studies on both catalytic and molecular properties of this physiologically important enzyme system are required.
